The actin cytoskeleton plays a central role in many important cellular processes such as cell polarization, cell division and endocytosis. The dynamic changes to the actin cytoskeleton that accompany these processes are regulated by actin-associated proteins Wiskott Aldrich Syndrome Protein (WASP) (known as Las17p in yeast) and WASP-Interacting Protein (WIP) (known as Vrp1p in yeast). Both yeast and human WASP bind to and stimulate the Arp2/3 complex which in turn nucleates assembly of actin monomers into filaments at polarized sites at the cortex. WASP-WIP interaction in yeast and humans are important for Arp2/3 complex stimulation in vitro. It has been proposed that these interactions are also important for polarized actin assembly in vivo. However, the redundancy of actin associated proteins has made it difficult to test this hypothesis. We have identified two point mutations (L80T and H94L) in yeast WASP that in combination abolish WASP-WIP interaction in yeast. We also identify an N-terminal fragment of Las17p (N-Las17p 1-368 ) able to interact with Vrp1p but not Arp2/3. Using these mutant and truncated forms of yeast WASP we provide novel evidence that WASP interaction with WIP is more important than interaction with Arp2/3 for polarized actin assembly and endocytosis in yeast.
WH2, WASP Homology 2; WIP, WASP Interacting Protein; WAVE, WASP and
Verprolin Homologous Protein.
Introduction
The actin cytoskeleton plays a fundamental role in many cellular processes including polarized exocytosis, endocytosis, cell division and cell motility. Assembly of actin monomers into filaments (F-actin) may provide mechanical force on membranes driving these processes. In budding yeast (Saccharomyces cerevisiae), Factin is organized into cortical actin patches, actin cables and the actomyosin ring [1] [2] [3] Actin patches are dynamic structures with a polarized distribution that cluster into small emerging buds, are randomly dispersed in the mother and large bud during mitosis, and cluster at the bud neck during cell division [1] . Cortical actin patches have been proposed to be sites of endocytosis [4] . Actin patches exhibit both short range motility at the cortex and long range movement into the cytoplasm.
The branched actin filaments that comprise cortical actin patches [5] are nucleated by the Arp2/3 complex, a highly conserved seven subunit complex which nucleates actin filaments assembly from actin monomers [6] . The long-range movement of actin patches is driven by Arp2/3-dependent F-actin assembly [7] . Like in vertebrates, in S.cerevisiae cells, Arp2/3 is activated by several nucleation promoting factors (NPFs) [8] . These include Las17p/Bee1p which is the yeast homologue of mammalian Wiskott-Aldrich Syndrome Protein (WASP) and the type I myosins Myo3p and Myo5p [9] [10] [11] [12] [13] [14] [15] [16] . Vertebrate WASP is an actin-associated protein expressed in hematopoietic cells and mutations in WASP cause immune-deficiency due to actin cytoskeletal defects in lymphocytes [17] . WASP-related proteins (e.g. N-WASP and WAVEs) are also NPFs and are expressed in other cell types [18] .
Both vertebrate WASP and yeast Las17p exhibit a modular structure with a WASP Homology 1 domain (WH1) in the N-terminal region that binds WIP (Vrp1p in yeast) and a C-terminal WH2 (WASP Homology 2) domain that binds actin monomers. Both proteins also have an acidic domain (A) at the C-terminal which binds to and activates Arp2/3 [18] . Las17p interacts with the C-terminal region of Vrp1p in a manner analogous to the interaction between WASP and WIP in vertebrates [11, 17, 19] and Las17p and type I myosins function redundantly in the activation of the Arp2/3 complex [13] . Given the existence of other NPFs, it is not yet clear whether the interaction of Las17p with Arp2/3 is essential in vivo. Indeed other NPFs have been shown to act redundantly with Las17p in activation of Arp2/3 [14] [15] [16] .
Unlike Las17p and type I myosins, Vrp1p and its vertebrate ortholog WIP do not interact with Arp2/3 but instead interact with NPFs and actin monomers, Eg.
Las17p and type I myosins. The WH2 domains of Vrp1p and WIP bind monomeric actin and the Vrp1p WH2 domain is functionally redundant with the Las17p WH2 domain [13, 16, 20] . The WH2 domains are essential for Arp2/3 activation by Las17p and type I myosins and have been proposed to provide actin monomers competent for assembly into filaments by Arp2/3 [14, 16] . The acidic domains (A) of either type I myosin (Myo3p or Myo5p) in combination with the WH2 domain of Vrp1p promote actin polymerization by activating the Arp2/3 complex analogous to Las17p [9, 13, 14, 16] . It has been shown recently that Vrp1p is recruited to cortical sites at least in part through interaction with Las17p and that Vrp1p in turn recruits type I myosins to the cortical sites prior to actin assembly at those sites [14-16, 21, 22] . This suggests that Vrp1p interaction with NPFs may play a role in recruitment of NPFs to corticals sites and determine the site of nascent actin patch formation.
Deletion of LAS17 (las17∆) results in Las17p-deficient cells with defects in bulk endocytosis (uptake of external materials by cells) and actin patch polarization at both permissive (24 o C) and restrictive temperature (37 o C) and a defect in growth at restrictive temperature [10, 11, 23] . These defects arise despite the presence of type I myosins, Myo3p and Myo5p each of which has an acidic domain (A) functionally redundant with that of Las17p [9, 13, 15] . This suggests that Las17p may possess important cellular roles in the actin cytoskeleton independent of Arp2/3 activation. In contrast to the phenotype observed upon deleting the entire LAS17 gene, deleting only sequences encoding the WH2 or A domain of Las17p (Las17pΔWA) does not cause strong phenotypes at either 24 o C or 30 o C [12] . This suggests that either interaction with or stimulation of Arp2/3 is not essential in vivo, or that redundancy with other NPFs renders the specific role of Las17p in Arp2/3 activation non-essential. In addition to its role in binding and activating Arp2/3, Las17p plays a role in recruitment of Vrp1p to the cortex [14, 16, 21, 22] . It is possible that this role of Las17p (or other roles yet to be identified) is responsible for the defects observed in las17∆ cells rather than loss of Arp2/3 activation per se.
We show here that an N-terminal Las17p fragment comprising residues 1-368 (NLas17p ) that retains interaction with Vrp1p but not Arp2/3 functionally replaces full-length Las17p in growth; bulk endocytosis and actin patch polarization. We identify two mutations in the WH1 domain of N-Las17p 1-368 that perturb Las17p-Vrp1p interaction and show they reduce the ability of N-Las17p 1-368 and full-length Las17p to function at elevated temperature.
Materials and Methods
Strains, plasmids, media and reagents-SD minimal medium and YPUAD rich medium were prepared as described in Munn et al., [24] . Plasmid DNA was introduced into yeast cells using a modification of the lithium acetate protocol [24] . IDY19 (MATa his3 leu2 ura3 trp1 mfa2 ::FUS1:lacZ) and IDY223 (MATa his3 leu2 ura3 trp1 las17 ::LEU2) have been described in Naqvi et al., [11] . AMY88 (MATa his4 leu2 ura3 lys2 vrp1 ::KanMx bar1) has been described in Thanabalu et al., [21] . Yeast strain PJ69-4A (MATa his3 leu2 ura3 trp1 gal4 gal80 met2::GAL7-lacZ GAL2-ADE2 LYS2::GAL1-HIS3) [25] was used to test yeast twohybrid interactions.
DNA Techniques and Plasmid
Construction-Standard DNA techniques were performed as described in Sambrook et al., [26] . The LAS17 gene with the endogenous promoter [11] was digested with HindIII and BamHI and sub-cloned into the centromeric plasmid YCplac33 [27] to make pLAS17. pN-LAS17 (N-Las17p1-368 expressed from the LAS17 promoter) was constructed by digesting pLAS17 with
HindIII and EcoRI, filling the ends with Klenow enzyme and ligation to generate a stop codon (after aa 368). It was used for constructing sub-clones and the mutant pN-LAS17 TL construct by PCR mutagenesis ( Fig. 1(a) ).
Yeast two-hybrid assay -DNA encoding N-Las17p and N-Las17p 207-368 were cloned in-frame with GAL4AD in vector pACT2 (activation domain, AD) (Clontech, Palo Alto, CA) DNA encoding C-Vrp1p 364-817 and Myo5p (SH3) (a.a.1085-1219)
were cloned in-frame with GAL4BD in vector pAS2-1 (binding domain, BD) (Clontech, Palo Alto, CA). The AD and BD plasmids were sequentially transformed into PJ69-4A and the transformants were selected on solid SD minimal medium lacking tryptophan and leucine. The two hybrid interactions were then investigated by testing the growth of the transformants on the same medium lacking histidine + 2mM
3-AT to detect the expression of the HIS3 interaction reporter.
In vivo protein binding assays-C-Vrp1p 364-817 -6His or Myo5p(SH3)-6His were expressed in IDY223 or AMY88 cells also expressing GFP-tagged Las17p fragments. ice-cold PBS containing 10mM NaN 3 , 10 mM NaF and visualized using fluorescence microscopy [29] .
Fluorescence microscopy -Cells growing exponentially at 24 o C in YPUAD were harvested, washed once with PBS and the cell suspension was applied to a microscope slide. Fluorescence was visualized by fluorescence microscopy using a Leica DMRA2 microscope (Leica, Singapore) and images captured using a CoolSNAP HQ camera (Roper Scientific, Trenton, NJ). in cells also expressing Las17p-GFP or N-Las17p 1-368 -GFP. Arc40p is one subunit of Arp2/3 and is a known marker for cortical actin patches [30] . Both Las17p-GFP and N-Las17p 1-368 -GFP patches were found to partially (~30%) co-localize with Arc40-RFP/cortical actin patches (Fig. 4B ).
Results

An N-terminal
Isolation of a mutation in N-Las17p 1-368 that abolishes function in growth
In order to characterize the function of N- (data not shown). We have previously shown that C-Vrp1p 364-817 -GFP does not localize to cortical patches in las17∆ strain [21] . We used this observation to test the interaction between C-Vrp1p 364-817 -GFP and N-Las17p 1-368 in las17∆ strain. C- (Fig. 6C) . Conversely, N-Las17p 1-206 interacts with C-Vrp1p 364-817 , but not Myo5p-SH3 (Fig. 6C) . Thus, the Las17p region affected by the L80T H94L mutations appears to specifically mediate binding to Vrp1p.
The L80T H94L mutations do not abolish the function of full-length Las17p
We next analyzed how the L80T H94L mutations affect the function of full-length (Fig. 7A , B, C). Las17p TL was also able to restore actin patch polarization to las17Δ cells at 24 o C (Fig. 8A, B ). Las17p TL was not able to fully restore actin patch polarization at 37 o C (Fig. 8A, B) .
We analyzed the localization and expression of Las17p TL using Las17p (Fig. S1A, B) . (Fig. 9A ). This Las17p fragment was also able to localize to cortical patches ( 
